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PHYSICS OF HEAVY NEU TRINO S* ’**
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T heoretical and experim ental situa tion  in physics of heavy neutrinos 
(A/jv >  M z ) is briefly presented. Various experim ental bounds on heavy 
neutrino  masses and m ixings are shortly  reviewed. Special a tten tio n  is 
paid to  possibility of detecting heavy neutrinos in fu tu re  lepton linear 
colliders.
PACS num bers: 14.60.Gh, 13.15.-f
1. In tro d u ctio n
A fte r  th e  d iscovery  o f th e  to p  q u a rk , n e u tr in o s  (a n d  H iggs p a r tic le  —  
n o t o b se rv ed  y e t) rem ain  th e  m o st e lusive  p a r tic le s . S ince  v e ry  b eg in n in g  
n e u tr in o s  h av e  p layed  an  im p o r ta n t  p a r t  in o u r  u n d e rs ta n d in g  o f th e  law s 
o f p a r tic le  physics. T h e y  a re  th e  o n ly  p a r tic le s  w hich  in te r a c t  by on ly  
o ne  ty p e  o f fu n d a m e n ta l in te ra c tio n , th e  w eak  one . T h e  w eak  in te ra c tio n  
o f  th e  o th e r  p a r tic le s  is su p p re ssed  by th e ir  e le c tro m a g n e tic  a n d  s tro n g  
ones. To u n d e rs ta n d  how  im p o r ta n t  th e  w eak  in te ra c t io n  o f  n e u tr in o s  is 
in N a tu re  (especia lly  for us) le t ’s m en tio n  ju s t  th e  m e c h a n ism  in w hich 
th e  S un  is sh in in g . W ith o u t an y  d o u b t in v e s tig a tio n  o f  p ro p e r t ie s  o f  th e se  
p a r tic le s  c a n  reveal m an y  in te re s tin g , h idden  u n til  now  p h y sica l p h e n o m e n a  
o r  ex p la in  m a n y  h y p o th e tic a l id eas . F o r in s ta n c e  e x is te n c e  o f  n o n ze ro  m ass
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of n e u tr in o s , besides th e o re tic a l in te re s t ,  cou ld  ex p la in  so m e  a s tro p h y s ic a l 
o r cosm olog ica l p ro b lem s [1]. T h is  fe a tu re  o f n e u tr in o s  w o u ld  b o o s t p a r tic le  
ph y sics  b ey o n d  th e  S ta n d a rd  M odel (S M ). U n til now  w e know  o n ly  t h a t  
th re e  know n n e u tr in o s  a re  very  lig h t (m Ve <  few  eV , m Vp <  170 keV , 
m vT <  24 M eV ).
M an y  m o d els  beyond  th e  SM  p re d ic t m assiv e  n e u tr in o s . M o reo v er, 
e x c e p t th e  ligh t n e u tr in o s  th e y  p re d ic t very  h eav y  ones: th is  is fo r in s ta n c e  
in th e  ca.se o f so-called  ‘see -saw ’ m odels [2].
In th is  ta lk  we give th e  s h o r t  rev iew  o f th e o re tic a l  a n d  e x p e r im e n ta l 
s i tu a tio n  co n n ec ted  w ith  heavy  n e u tr in o  physics. In th e  n e x t S ec tio n  we 
specify  a re a s  w h ere  h eavy  n e u tr in o s  cou ld  reveal th em se lv es . S ec tio n  3 will 
be d e v o ted  sp ec ia lly  to  fu tu re  lin ea r  e+ e -  a n d  e - e~  co llid e rs  a n d  p o ss ib ility  
o f  fin d in g  h eav y  n e u tr in o s  th e re . T h e se  c o n s id e ra tio n s  w ill be g iven  in  th e  
fra m e  o f  th e  s im p le s t e x ten s io n  o f  th e  SM  in c lu d in g  r ig h t-h a n d e d  n e u tr in o s .
C o n c lu sio n s a n d  o u tlo o k  will be  g iven in th e  S u m m a ry .
2. W here to hunt for a very  heavy neutrino?
H eavy  n e u tr in o s  have  been  looked  fo r since  th e  e a r ly  sev en tie s  [3]. F ro m  
th e  n e g a tiv e  sea rch  o f  new  n e u tra l  s ta te s  a n d  fro m  th e  m e a su re m e n t of 
Z decay  w id th  a t  th e  L E P  we know  t h a t  th e re  a re  no n e u tr in o s  w ith  a 
s ta n d a rd  co u p lin g  to  Z an d  m ass  below  M z / 2 [4] o r even below  M z  if 
B R ( Z °  -+  u N )  >  3 ■ 10 - 5  [5]. T h e  lack  o f d e te c tio n  o f new  n e u tr in o  s ta te s  
a t  th e  L E P I  in d ic a te s  t h a t  if th e y  ex is t, th e v  will g e n e ra lly  h av e  la rg e  m asses 
( > M Z ).
L et us d esc rib e  sh o rtly  w h ere  such  heavy  n e u tr in o s  cou ld  be fo u n d .
2.1. Influence of heavy neutrino states on observables 
measured at L E P  and low energy experiments
E ven  if th e y  can  n o t be  d ire c tly  p ro d u c e d  a t  L E P  now , i t  is s till p o s­
sib le  t h a t  w ith  in c reas in g  p rec ision  o f  m e a su re m e n ts  th e ir  e ffec ts  could  be 
in d ire c tly  d e te c te d  a,s sm all d e v ia tio n s  o f co u p lin g s o f lig h t n e u tr in o s  from  
th e ir  s ta n d a rd  values. T h is  cou ld  h a p p e n  fo r an y  new  n e u tr in o  s ta te s  if th e y  
m ix  w ith  th e  o rd in a ry  ones. A s an  ex am p le  le t us m e n tio n  th e  o b se rv a tio n  
m a d e  by Ja r lsk o g  [6] an d  d iscu ssed  by  o th e r  a u th o rs  [7].
In th e  SM  w ith  n le f t-h a n d e d  le p to n  d o u b le ts  a n d  n'  =  1 ,2 , . . .  rig h t- 
h a n d e d  n e u tr in o s  th e  effective n u m b e r o f  n e u tr in o  spec ies rjexp  m e a su re d  a t  
th e  Z°  p e a k  an d  defined  by (To is th e  SM  Z°  decay  w id th  to  th e  p a ir  of 
m assless  n e u tr in o s)
l / e x p  Y  L  ■
T h a t  m ean s  t h a t  an y  m easu red  value rje]ip s lig h tly  below  3 (n u m b e r 
o f  le f t-h a n d e d  le p to n  d o u b le ts  111 th e  SM ) w ould  in d ic a te  e x is te n c e  o f  rig h t- 
h a n d e d  n e u tr in o s  ( a t  th e  m o m e n t th e  b e s t f it fo r //exp is r/exp =  2 ,9 9 1 ± 0 .0 1 6
S im ila r p h e n o m e n a  could  be o b serv ed  for o th e r  L E P  o b se rv a b le s  as F z -  
Z p a r t ia l  d ecay  w id th s , a sy m é tr ie s  m easu red  a t  th e  Z re so n a n c e , W -m a ss  
a n d  low en erg y  e x p e rim e n ts  as ¡3, t  a n d  w d ecay s, u —s c a tte r in g , a to m ic  
p a r i ty  v io la tio n , po la rized  e-D  sc a tte r in g , e tc . G lo b a l a n a ly s is  o f  fe rm ion  
m ix in g s w ith  new  n e u tra l s ta te s  can  be fo u n d  in [8].
2.2.  Heavy  n e u t r in o s  in  h ad ro n ic  col l iders
T h is  p o ss ib ility  fo r d e te c tin g  h eav y  n e u tr in o s  w as e x a m in e d  in m an y  
p a p e rs  [9-13]. T h e  especia lly  b ig  h o p e  w as c o n n e c te d  w ith  c o n s tru c tio n  
o f  th e  S u p e rc o n d u c tin g  S u p e r C o llid er (SSC ) [10]. A f te r  c a n c e lla tio n  o f 
th is  p ro je c t th e  possib le  o p tio n s  w hich re m a in  a re  e ~ p  a n d  pp  a t  H E R A . 
H E R A  u p g ra d e  an d  L E P + L H C  co lliders. A cco rd in g  to  [11] m a sse s  tip to  
~  160 G eV , 320 G eV  an d  700 G eV  can  be te s te d  in ep  co llis ions a t  H E R A , 
H E R A  u p g ra d e  an d  L E P + L H C , respec tive ly . L e t’s  n o te  how ever t h a t  such  
o p tim is tic  re su lts  fo r e ~ p  co llider a re  p re d ic te d  fo r v e ry  la rg e  m ix in g  ang le  
£ =  0.1 w hich is m uch  ab o v e  u p - to -d a te  c o n s tra in ts  on  £ (see th e  n e x t 
se c tio n ) , p p  su p e r-co llid e rs  cou ld  give d e te c ta b le  r e s u lts  th ro u g h  p p  —>• 
W R  -A l + N i  —> I+ lFqq '  re a c tio n  (q u a rk  fu sion ) [12] o r  th ro u g h  th e  g luon  
fusion  m ech an ism  w ith  off-shell Z g au g e  boso n  (gg —> Z*  -+ N N )  [13].
2.3.  Indu ced  heavy n e u t r i n o  loop e ffect s
S om e a u th o r s  [14] in d ic a te  t h a t  s ig n ifican t r a te s  a re  in g e n e ra l possib le  
fo r o n e-lo o p -in d u ced  ra re  p rocesses as ¡1 — e co n v ersio n  in nuclei, ¡ i ( t )  - a  3e, 
p —r ey d u e  to  ex ch an g e  o f v ir tu a l  h eav y  n e u tr in o s . T h e  p o ss ib ility  of 
d e te c tin g  such  lep to n  n u m b e r v io la tin g  p ro cesses  cou ld  a rise  w h en  heavy  
n e u tr in o s  do  n o t d eco u p le  in low en e rg y  p ro cesses . T h is  c a n  h a p p e n  in 
o th e r  th a n  ‘see -saw ’ m odels [15].
2-4- N e u tr in o le ss  double-beta decay
T h e  sea rch  for n e u tr in o le ss  doub le-/?  d ecay  i(i3ff)ou)
(A ,Z )  —y ( A , Z ± 2 )  +  2e F
is th e  m o st p ro m is in g  m e th o d  fo r th e  d iscovery  o f  lig h t M a jo r a n a  m asses . 
T h e  re a c tio n  is a lso  sen s itiv e  to  h eav y  n e u tr in o s ’ c o n tr ib u tio n . T h e re  a re
a b o u t  40 d iffe ren t e x p e rim e n ts  be ing  c a rr ie d  o u t  now  in w h ich  peo p le  a re  
lo o k ing  fo r th is  ty p e  o f re a c tio n .
2.5.  Ind irec t  de tec t ion  o f  heavy  n e u t r i n o s  in  n e u t r i n o  
osc i l la t ion  e x p e r im e n ts
T h is  in te re s tin g  p o ssib ility  w as d iscu ssed  in [16]. I t  w as sh o w n  t h a t  if 
th e re  is a  see-saw  ty p e  m ix ing  be tw een  lig h t a n d  h ea v y  M a jo r a n a  p a rtic le s  
an d  th e  m ix in g  m a tr ix  is co m p lex  th e n  th e  —> v T a n d  —y i>T t r a n s i t io n  
p ro b a b ilitie s  cou ld  be d iffe ren t a n d  in d ic a te  ( in d ire c tly )  p re sen ce  o f  h eavy  
n e u tr in o s .
N one o f  th e  p rocesses in c lu d in g  h eav y  n e u tr in o s  d e sc r ib e d  ab o v e  have 
been  d iscovered  till now  an d  on ly  so m e c o n s tra in ts  on  allow ed h eav y  n eu ­
t r in o  m asse s  a n d  m ix in g s can  be d eriv ed  fro m  th e m . T h e  m o s t im p o r ta n t  
c o n s tra in ts  w ill be p re se n te d  in th e  n e x t sec tio n  w h en  w e sh a ll d ea l in d e ­
ta i ls  w ith  th e  la s t , v e ry  im p o r ta n t  a re a  w h ere  h ea v y  n e u tr in o s  can  be  fo u n d
—  fu tu re  lin ea r  le p to n  co lliders. To c o m p le te  th e  rev iew  l e t ’s m e n tio n  th a t  
a  h eavy  n e u tr in o  is n a tu ra l ly  h igh ly  u n s ta b le  so n o  d isc re p a n c y  w ith  cos­
m ology  a p p e a rs  here .
3. H eavy neutrinos in th e  N ex t Linear C olliders
R ecen tly  h a d ro n  co lliders gave s p e c ta c u la r  re su lts  w h en  W  a n d  Z b o so n s 
a n d  th e  to p  q u a rk  w ere d isco v ered . N ev erth e less , in  th e  m e a n tim e  a  lep to n  
co llider, L E P I, h a s  reach ed  s p e c ta c u la r  re su lts  to o , sp ec ia lly  th e se  c o n n e c te d  
w ith  ex ce llen t p recision  w ith  w hich  th e  SM  h as  b een  te s te d . T h e  n e x t 
p la n n e d  e + e ~  co lliders w ith  en e rg y  up  to  2 T eV  [17] c a n  b eco m e  even  m o re  
im p o r ta n t  as a  to o l in look ing  fo r new  ph y sics  b ey o n d  th e  S M , fo r in s ta n c e  
c o n n e c te d  w ith  d e te c tio n  o f  heav y  n e u tr in o s . T h e  la s t  p a r t  o f  th is  ta lk  will 
be d e v o te d  to  th e  physics o f h eav y  n e u tr in o s  in th e se  f u tu re  co lliders.
W e will focus on tw o  re a c tio n s : th e  d ire c t h eav y  n e u tr in o  e + e ~  —> v N  
p ro d u c tio n  an d  th e  in d ire c t p ro cess  w ith  h eav y  n e u tr in o  ex ch a n g e  e - e _  —> 
W ~ W ~ . T h is  la t te r  p ro cess  is possib le  as th e  e ~ e -  o p tio n  o f  th e  n e x t  lin e a r  
a c c e la ra to rs  a n d  is se riously  ta k e n  in to  a c c o u n t [18]. T h e  e ~ e ~  e n v iro n m e n t 
is m uch  c lean e r th a n  th e  e+ e -  one. T h e re  is m u ch  less SM  a c tiv i ty  an d  
t h a t  is w hy  it  allow s to  ex p lo re  even v e ry  w eak  s ig n a ls  o f  f la v o u r v io la tin g  
p ro cesses  as  th is  g iven above. T h e  values o f  c ro ss  se c tio n s  w h ich  w e a re  go ing  
to  find d e p e n d s  on th e  m odel in w hich wTe c a lc u la te  th e m . So ca lled  ‘see­
s a w ’ m o d e ls  b e lo n g  to  th e  m o s t p o p u la r  on es as th e y  can  g ive an  th e o re tic a l 
e x p la n a tio n  fo r a  sm alln ess  o f know n n e u tr in o  m asse s  [2].
A s an  i l lu s tra tio n  l e t ’s ta k e  th e  s im p le s t m odel w ith  m ass iv e  n e u tr in o s
—  th e  SM  w ith  a d d itio n a l r ig h t-h a n d e d  n e u tr in o s  (R H S  m o d e l) . In th e
R H S m odel th e re  a re  3 le f t-h a n d e d  a n d  n R (=  1 , 2 . . . . )  r ig h t-h a n d e d  w eak 
n e u tr in o  s ta te s  tra n s fo rm in g  u n d e r  S U /,( 2 ) g au g e  g ro u p  a s  d o u b le ts  an d  
s in g le ts , re spec tive ly . T h e  n e u tr in o  m ass  m a tr ix  h a s  3 +  n R  d im en sio n s
3 riH
\ f  t y V ' t / V  }3
' i u j M j l » « '  (1)
W ith o u t  H iggs tr ip le t  fields th e  3 x 3  d im en sio n  p a r t  M l  o f  M v e q u a ls  zero
M L  =  0 . (2)
U sing  (3 +  n R ) d im en sio n a l u n ita ry  m a tr ix
u = i X )  <3 >
w hich  a c ts  on  th e  w eak  n e u tr in o  s ta te s ,  we c a n  d iag o n a lize  m a tr ix  M v 
( U T M VU  =  A /diag) a n d  g e t th e  ph y sica l s ta te s .
W ith o u t loosing  th e  g e n e ra lity  we ca n  a ssu m e  th a t, th e  c h a rg e d  le p to n
fT'
m ass  m a tr ix  is d iag o n a l, so th e n  th e  p h ysica l n e u tr in o  N  =  (A q, . . . ,  N 3 + R )
co u p lin g s  to  g au g e  b o sons a re  defined  by (I =  r ) T , P l  =  j ( l  -  7 5 ))
V-U /,' p T 1W+ 4- h r
V2
L e e  =  J ^ N j M < P L i W +  +  h . c . , (4)
9
m e  = 7----- a—
2 cos v w
N j ßPL ( K K f ) A r Z J  . (5)
F o r in s ta n c e  fo r n R  =  3 we g e t th re e  lig h t (kn o w n ) n e u tr in o s  a n d  th re e  very  
h eav y  M i ,2,3 >  M z  ones as M R  a n d  M p  a re  p ro p o r t io n a l  to  d iffe ren t scales 
o f  sy m m e try  b re a k in g  an d  | M R  M p  . T h e n  w ith o u t  a n y  a d d itio n a l 
s y m m e try  th e  m a tr ix  e le m e n ts  A ty e a re  p ro p o r tio n a l to  <  M p  >  / M j g .  
T y p ica lly  <  M p  > ~  1 G eV  so A 'jve is v e ry  sm a ll a n d  v e ry  sen s itiv e  to  th e  
M jv  m ass. T h e  p ro cess  e ~ e +  —> v N  is p ro p o r tio n a l to  | A ,v e |2 [19] an d  th e  
e - e ^  —>• W ~ W ~  to  | A Y e  |4 [20] a n d  ty p ic a l c ro ss  se c tio n s  as a  fu n c tio n  o f  
M jv  fo r d iffe ren t y /s  energ ies a re  g iven  in F ig . 1 ( ta k e n  fro m  [19]) a n d  F ig . 2 . 
O n e  can  see t h a t  i t  is n o t possib le  to  d e te c t th e  e _ e"~ —» W ~ W ~  p ro cess  
( th e  "de tec tion  l im it’ on th e  <x=0 .1  fb  level is re a so n a b le  fo r th is  p ro cess
[21]). T h e  c ross sec tio n  fo r th e  e + e — —> v N  p ro cess  is sm a ll. H ow ever, th e  
‘see -saw ’ m ech an ism  is n o t th e  o n ly  sc e n a rio  w hich  e x p la in s  sm all m asses  
o f  th e  know n  n e u tr in o s . T h e re  a re  m odels b ased  on  s y m m e try  a rg u m e n t
[15] w h ere  no  sim p le  re la tio n s  co n n ec ted  M j g  w ith  A ty e a re  p re se n t. In 
th is  case  th e  m ix in g  m a tr ix  e le m e n ts  a re  in d e p e n d e n t p a r a m e te r s  a n d  as
M [G eV]
Fig. 1. The cross section for the e~e~  —> W ~ W ~  process as a function  of the 
heavy neutrino  m ass for the ‘classical’ see-saw m odels, where the m ixing angles 
between light and heavy neutrinos are p roportional to  the inverse of m ass of the 
heavy neutrino. Solid (dashed) line is for the TLC  (NLC) collider’s energy.
V  [G e V ]
Fig. 2. The cross section for the e~ e+ —► v N  process in the fram e of the ‘classical’ 
see-saw m odels. Solid, dashed lines and line w ith stars  are for 1 TeV, 500 GeV and 
200 GeV CM energies of fu ture colliders respectively.
su ch  a re  b o u n d e d  o n ly  by e x p e rim e n ta l d a ta .  T h e re  a re  fo u r  d iffe ren t an d  
im p o r ta n t  so u rces  o f  c o n s tra in ts  on  h eav y  n e u tr in o  m ix in g s  co m in g  from  
e x p e rim e n ts .
( i)  F ro m  L E P I  we know  t h a t  if  n e u tr in o s  w ith  m asse s  below  M z  exist, th e ir  
co u p lin g s to  Z q shou ld  be such  t h a t  B r ( Z  —» N v )  <  3 • 1 0 - 5  [5] (w h a t 
is eq u iv a len t to  A'jy <  8 • 10- 5 ). B ecau se  th is  m ix in g  is v e ry  sm all 
we resign  from  s tu d y  very  tin y  e ffec ts  c o n n e c te d  writh  n e u tr in o s  w ith  
M n  < M z  an d  w e’ll on ly  s tu d y  th e  case  M jy  > M z -  
(i i)  Low  en e rg y  e x p e rim e n ts  (e.g.  lep to n  u n iv e rsa lity , th e  /j decay ) a n d  L E P I  
give a lso  in fo rm a tio n  a b o u t  h eav y  n e u tr in o s  w ith  m a sse s  a b o v e  M z -  
T h e  rea so n  is t h a t  d u e  to  u n i ta r i ty  p ro p e r tie s  o f  th e  U  m a tr ix  (E q . (3 )), 
th e  n o n ze ro  m ix in g  m a tr ix  e le m e n ts  / \ jv e  s lig h tly  re d u c e  th e  co u p lin g s  
o f  lig h t n e u tr in o s  fro m  th e ir  SM  values th u s  a ffec tin g  all p ro cesses  in ­
c lu d in g  n e u tr in o s  [3] (in th e  SM  m a tr ix  K  in E q s  (4 ), (5) e q u a ls  I). T h e  
u p - to -d a te  lim it fo r R H S m odel is [22]
k2 =  Y ,  K Ne < 0-0054- (6)
i V ( h e a v y )
(Hi)  T h e  lack  o f  sig n a l o f  n e u tr in o le ss  double-/?  d ecay  (fi/3)ov gives th e  b o u n d  
fo r lig h t n e u tr in o s
Y  K l e m v
¡ / ( l i g h t )
w h ere  < 0 .6 8  eV  [23].
( iv)  F ro m  th e  ( 0 P ) Qv p ro cess  it. is a lso  possib le  to  g e t  th e  b o u n d  fo r heav y  
n e u tr in o s
S  I i N e M ^
J V (  h e a v y )
T y p ica lly  th e  b o u n d  is: uj2 <  (2 — 2.8) • 10 - 5  T e V - 1  [24].
T h e  la s t c o n s tra in t  w hich  we use co m es fro m  th e  fa c t t h a t  th e  m ass  
te rm  for th e  le f t-h a n d e d  n e u tr in o s  is a b se n t
(v)
Y  K 2vem v +  Y  K N e M N  =  M L =  0 .  (9)
¡ ' ( l i g h t )  i V ( h e a v y )
T h is  fa c t co n fro n te d  w ith  E q . (7) gives
< up (8)
< K-2light (7)




T h is  re la tio n  in c ludes an  in te re s tin g  in fo rm a tio n . To g e t m e a n in g fu l va lues 
o f  c ro ss  sec tio n s  fo r th e  s tu d ie d  p rocesses we need  th e  va lu es  o f  Kjsre as 
big as possib le . A s KRght *n E q . (10) is v e ry  sm all th e  o n ly  p o ss ib ility  to  
reconcile  th e se  tw o  fa c ts  is to  a ssu m e  t h a t  so m e  K j y e m a tr ix  e le m e n ts  a re  
co m p lex  n u m b e rs . If C P  sy m m e try  is co n serv ed  th e n  co m p le x  K j ^ e  n u m b e rs  
a re  eq u iv a len t to  th e  fa c t t h a t  t]q p  p a r it ie s  o f  h eav y  n e u tr in o s  a re  n o t all 
equa l.
M [GeV]
Fig. 3. T he cross section for the e+ e~ —> N v  process as a  function  of heavy 
neutrino m ass M i =  M  for y/s =  1 TeV in the m odels w ith  two heavy neutrinos 
(tir =  2) for different values of A  =  ^  (solid line w ith A  =  1.0001, ‘o ’ line w ith 
A  =  1.004, dots line w ith A=1.01 and V  line w ith A =100). Only for very sm all 
m ass difference A  ~  1 existing experim ental d a ta  leave the chance th a t  the cross 
section is large, e.g. crmax( M  =  100 G eV )  =  275 fb. If M 2 3> M \  then  the cross 
section m ust be sm all, e.g. for A  =  100, <rmax( M  =  100 GeV) ~  0.5 fb. T he solid 
line gives also crmax(e+e~ —¥ N v )  for tir >  2 (see the tex t).
N ow  we d ed u ce  t h a t  if C P  p a r itie s  o f all h eav y  n e u tr in o s  a re  th e  sam e  
o r we have on ly  one  r ig h t-h a n d e d  n e u tr in o  ( h r  =  1) th e n  b o th  co n sid e red  
p ro cesses  a re  very  sm all. S itu a tio n  is d iffe ren t if  u r  =  2. In a g re e m e n t 
w ith  o u r  d iscussion  l e t ’s ta k e  h eav y  n e u tr in o s  w ith  o p p o s ite  C P  p a r it ie s  
r j c p { N i )  =  — r ) c p ( N 2) =  i an d  m asses  M i =  M , M 2 =  A M  ( A  >  1). 
T h e n  ta k in g  in to  ac c o u n t E qs (6 )-(10 ) th e  b ig g est m ix in g  an g le  K j g ie is for 
A  —> 1 (for d e ta ils  see [20]). T h e  re su lt is show n  in F ig . 3 ( ta k e n  fro m  [20]) 
fo r th e  e+ e — —> v N  p rocess. T h e  solid  line re p re s e n ts  th e  b ig g es t re su lt 
an d  d o es  n o t ch an g e  fo r h r  >  2. 1 H ow ever th e  e ~ e ~  —> W ~  W ~  p ro cess  
s till re m a in s  below  th e  d e te c tio n  lim it. T h is  is b e c a u se  fo r A  —» 1 we have
1 T he biggest possible A%e is [20, 25] (ITve)max — (k 2/2 ) =  0.0027, th a t  is why 
4 =  K-Ne = 0 .1  as m ention in Section 2.2 is too  big.
tw o  d e g e n e ra te  M a jo ran a . n e u tr in o s  (M j =  M 2 ) w ith  o p p o s ite  C P  p a r itie s  
w hich  is eq u iv a len t to  one  D ira c  n e u tr in o .
T h e  case  w ith  n R  =  3 ch an g es  s i tu a tio n  fo r th e  e - e -  - 4  W ~ W ~  
p ro cess . In F ig . 4 ( ta k e n  from  [20]) we show  th e  m o s t o p tim is t ic  re su lts  
fo r th e  e ~ e ~  - 4  W ~ W ~  c ro ss sec tio n . T ak in g  q c p ( N \ ) =  i ] c p { N 2 ) =  
~ 1) C p ( A 3 ) =  i a n d  M i =  M ,  M 2 =  A M .  M 3 =  B M  we fo u n d  values A ,B  
fo r w hich  <r(e_ e _  - 4  W ~ W ~ )  reach es m a x im u m . T h is  s i tu a t io n  ta k e s  p lace  
fo r th e  very  h eav y  second  ( A  »  1) a n d  heav ie r th ird  n e u tr in o  ( B  r^ j 2  — 10). 
In th is  F ig u re  we d e p ic t a lso  th e  c ro ss  sec tio n  fo r p ro d u c tio n  o f  th e  lig h te s t 
h eav y  n e u tr in o s  w ith  th e  m ass  M  in th e  e+ e _  —> i / N  p ro cess  ta k in g  e x a c tly  
th e  sa m e  m ix in g  ang le  A 'jvie as fo r th e  e~~e~ - 4  W ~ W ~  p ro cess .
M [OVj
Fig. 4. The cross sections for the e+e~ -4  N v  and e~e~  - 4  W ~ W ~  processes as a 
function of the  lightest neutrino  m ass M \  =  M  for different CM  energy (the curves 
denoted by F05, F10, F15 and F20 depicted the cross section for bo th  processes 
for V I  = 0 .5 . 1, 1.5 and 2 TeV respectively) for n R =  3. T he cross sections for 
the e~ e~ - 4  W ~ W ~  process are chosen to  be the  largest. For the  e+ e~ - 4  N v  
reaction the cross section for each of neutrino  masses is calculated  using the sam e 
param eters as for a(e~e~  - 4  W ~ W ~ )  and is not the biggest one (see the  solid line 
in Fig. 3 for the m axim um  of e+ e~ - 4  N v ) .  The solid line parallel to  the  M  axis 
gives the  predicted ‘detection lim it’ (<r =  0.1 fb) for bo th  processes.
W e can  co n c lu d e  th a t
(i)  ev e ry w h ere  in th e  possib le  reg ion  o f  p h a se  sp a c e  th e  p ro d u c tio n  o f  heavy  
n e u tr in o s  in th e  e+ e ”  p ro cess  h a s  g re a te r  c ro ss  sec tio n  th a n  th e  lep ­
to n  v io la tin g  p ro cess  e ~ e _ . I t  is im p o ssib le  to  find  su ch  m ix in g  a n ­
gles a n d  m asses th a t  w ould  show  th e  o p p o s ite . T h e  la rg e  values o f 
a  (e + e -  - 4  N v )  m ake th is  p ro cess  a  g o o d  p lace  fo r th e  h ea v y  n e u tr in o  
se a rc h in g  a n d  fo r fu tu re  d e ta ile d  s tu d ie s  (d ecay  o f  h ea v y  n e u tr in o s , 
b a c k g ro u n d  from  o th e r  ch an n e ls  [25]).
(ii) there are also regions of heavy neutrino masses outside the phase space 
region for e + e -  where the A L  =  2 process e“ e~ is still a  possible place 
to  look for heavy neutrinos. It is a small region 1 TeV < M  < 1.1 TeV 
for A  =  1 TeV, 1.5 TeV < M  < 2 TeV for A  =  1.5 TeV and 2 TeV < 
M  <  3.1 TeV for f f s  =  2 TeV where the cross section a (e~ e~ )  is still 
above the 'detection lim it’. There is no such place with the ff~s — 0.5 
TeV collider. The experim ental value of k 2 (see Eq. (6)) would have to 
be below ~  0.004, ~  0.003, ~  0.002 for xfs  =  1, 1.5,2 TeV respectively 
to  cause these regions to  vanish.
The largest value of the mixing param eter | K p je | for n R >  3 is the 
same as in the n R =  3 case and we do not obtain quan tita tive ly  new results 
in these cases.
To sum up, we have found the 'm axim um  possible’ cross sections for 
production of the heavy neutrino (e+ e~ —» N v  process) and for the  inverse 
neutrinoless double-/? decay (e~e~  W ~ W ~  process) in the  energy range 
interesting for future lepton colliders (0.5-2 TeV). The upper values for the 
cross sections are still large enough to  be interesting from an experim ental 
point of view. For the e+e~  —> N u  process the  cross section could be as 
large as 275 fb for , / i  =  1 TeV and M  =  100 GeV. The e ~ e _  -+ W ~ W ~  
process could give indirect indication for larger massive M ajo rana  neutrino 
existence, not produced in the e+ e-  scattering.
4. Sum m ary
In this talk  we review the possibilities of detecting heavy neutrinos 
which are present in plenty of theoretical models beyond the  SM. None of 
the nonstandard  processes involving heavy neutrinos has ever been detected. 
However, on theoretical ground,  narrow windows are still open even after 
taking into account up-to-date stringent limits on heavy neutrino  mixing 
angles and masses. The most promising are reactions w ith the  ep hadron 
colliders and the e + e -  accelarators. Indirect signals of heavy neutrinos 
presence can be looked for in induced by them  loop processes as n  —>■ e j ,  
p (t ) —> 3e and in the future e ~ e~  accelarators.
We would like thank M. Hirch for calling our a tten tion  to  new da ta  
concerning the limit on uj2 in Eq. (8).
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